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Based on the framework of an extended multiphase transport model with mean-field potentials
in both the partonic phase and the hadronic phase, we explain the elliptic flow difference between
pi
+ and pi− in the beam-energy scan program at the relativistic heavy-ion collider by incorporating
the vector-isovector potential for quarks and antiquarks with different isospins. It is found that the
isospin splitting of pion elliptic flow favors a strong vector-isovector interaction, and thus serves as
a probe of the quark matter equation of state as well as the QCD phase structure at finite baryon
and isospin chemical potentials.
Understanding the properties of the strongly interact-
ing quark-gluon plasma (QGP) as well as the hadron-
quark phase transition is one of the main goals of rel-
ativistic heavy-ion collision experiments. The elliptic
flow (v2) characterizing the different numbers of parti-
cles moving in the reaction plane and out of the reaction
plane is a good probe of the QGP properties [1, 2]. The
number-of-constituent-quark (NCQ) scaling of v2 [3–8] in
ultrarelativistic heavy-ion collisions serves as an evidence
of the existence of the QGP, indicating that the elliptic
flow is mostly developed in the partonic phase. Recently,
’low-energy’ relativistic heavy-ion collisions were carried
out in the beam-energy scan (BES) program at the rela-
tivistic heavy-ion collider (RHIC), in order to search for
the signal of the critical point of the hadron-quark phase
transition. Among various interesting phenomena differ-
ent from those observed in ultrarelativistic heavy-ion col-
lisions is the splitting of v2 between protons and antipro-
tons,K+ andK−, and π+ and π− [9], showing the break-
down of the NCQ scaling law. The observed v2 splitting
can be due to the larger v2 for transported quarks than
that for produced quarks, or similarly, their different ra-
pidity dependencies [10–12], hydrodynamic evolution of
the QGP at finite baryon chemical potential [13, 14], and
the smaller radial flow of particles than their antiparti-
cles [15]. Although the v2 splitting between π
− and π+
as well as its linear dependence on the charge asymmetry
was proposed to be attributed to the electric quadrupole
moment in the produced QGP induced by the chiral mag-
netic wave [16], it is disfavored by transport simulations
based on the chiral kinetic equations of motion [17, 18].
In our previous study [19, 20], we have shown that the
v2 splitting between protons and antiprotons as well as
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between K+ and K− can be attributed to the different
mean-field potentials for particles and their antiparticles.
We will demonstrated in the present study that the v2
splitting between π+ and π− can be explained by the
different mean-field potentials for particles with different
isospins.
The elliptic flow in heavy-ion collisions at intermedi-
ate energies was reguarded as a probe of the mean-field
potential or the nuclear matter equation of state [21].
In noncentral heavy-ion collisions at relativistic energies,
the produced QGP is of an almond shape in the trans-
verse plane. Particles with attractive potentials are more
likely to be trapped in the system and move in the direc-
tion perpendicular to the reaction plane, while those with
repulsive potentials are more likely to leave the system
and move along the reaction plane, thus reducing and
enhancing their respective elliptic flows. In the baryon-
rich matter produced in low-energy relativistic heavy-
ion collisions, light quarks and baryons are affected by
a more repulsive potential compared to light antiquarks
and antibaryons as a result of the vector coupling, lead-
ing to the v2 splitting between protons and antiprotons
as well as between K+ and K− [19, 20]. Since heavy-ions
are neutron-rich nuclei, the produced matter is not only
baryon-rich but also neutron-rich or d-quark-rich, where
d (u¯) quarks are expected to have a more repulsive poten-
tial than u (d¯) in the presence of a vector-isovector inter-
action. This will enhance the v2 of π
− while reduce the v2
of π+, qualitatively consistent with that observed exper-
imentally. Since the stopping power becomes larger with
the decreasing collision energy, the medium at midrapidi-
ties is expected to be not only more baryon-rich but also
more neutron-rich, again qualitatively consistent with the
larger v2 splitting between π
+ and π− at lower collision
energies. The isospin splitting of charged pion v2 can thus
be used to constrain the strength of the vector-isovector
interaction and to help determine the quark matter equa-
tion of state as well as the QCD phase structure at finite
baryon and isospin chemical potentials [22].
The present study is based on the framework of
an extended multiphase transport model (extended
2AMPT) [19, 20, 23]. In this model the momentum dis-
tribution of initial partons is from melting hadrons gen-
erated by the heavy-ion jet interaction generator (HI-
JING) model [24] through the Lund string fragmenta-
tion model with its parameters fitted to particle mul-
tiplicities at RHIC-BES energies [25]. The coordinates
of these partons in the transverse plane are set to be
the same as those of the colliding nucleons from which
they are produced, while their coordinates in the lon-
gitudinal direction are uniformly distributed within the
finite thickness of the participant matter by considering
the Lorentz contraction. The evolution of the partonic
phase is then described by a relativistic Boltzmann trans-
port approach, with the mean-field potentials of partons
from a 3-flavor Nambu-Jona-Lasinio (NJL) model, and
isotropic two-body scatterings with the cross section fit-
ted by the final charged-particle elliptic flow. The mean-
field potentials depend on the local phase-space distri-
bution functions of partons, which are calculated nu-
merically from averaging over parallel events using the
test-particle method [26, 27]. The partonic phase ends
when the central energy density is below 0.8 GeV/fm3,
and then a coalescence model is used to describe the
hadronization procedure. Different from the naive spa-
tial coalescence algorithm for hadronization, we now use
an improved coalescence algorithm [28] by selecting the
combination of a quark-antiquark pair, three quarks, or
three antiquarks, which has the largest Wigner function
rather than the closest distance in coordinate space. In
the improved coalescence scenario, the baryon, charge,
and strangeness numbers for a single event are conserved,
while mixed-event combinations are allowed for choos-
ing partons close in phase space from different events
in the spirit of the test-particle method, so that the
parton combinations can have a large Wigner function.
The improved hadronization algorithm prefers combina-
tion in not only coordinate space but also momentum
space, thus preserves better the flow of partons during the
hadronization procedure. The species of hadrons are de-
termined by the flavor of its constituent quarks as well as
their invariant mass [29]. The evolution of these hadrons
is described by a relativistic transport (ART) model [30],
with the mean-field potentials for pions, kaons, and
baryons as well as antibaryons incorporated [31], in addi-
tion to various elastic collisions, inelastic collisions, and
decay channels satisfying the detailed balance condition.
The isovector hadronic mean-field potentials relevant for
the present study are the pion s-wave potential and the
symmetry potential for baryons with different isospins.
The pion s-wave potential, which is repulsive for π− and
attractive for π+ in neutron-rich medium, is taken from
Ref. [32]. The pion p-wave potential has shown to be
less important compared to the s-wave potential [33–35].
The momentum-independent symmetry potential incor-
porated in the hadronic phase leads to a more repulsive
potential for neutron-like baryons, e.g., ∆−, and a more
attractive potential for proton-like baryons, e.g., ∆++, in
the neutron-rich medium. The effects of these hadronic
isovector potentials are, however, expected to be largely
suppressed due to the low baryon density of the hadronic
phase, originating from a more realistic finite thickness of
initial partonic medium and the hadronization criterion
employed in the present study compared with those used
in Ref. [31].
The mean-field potentials of partons are given by the
3-flavor NJL model with isovector interactions, and its
Lagrangian can be written as [47]
LNJL = q¯(i/∂ − mˆ)q + GS
2
8∑
a=0
[(q¯λaq)
2 + (q¯iγ5λaq)
2]
− GV
2
8∑
a=0
[(q¯γµλaq)
2 + (q¯γ5γµλaq)
2]
− K{det[q¯(1 + γ5)q] + det[q¯(1− γ5)q]}
+ GIS
3∑
a=1
[(q¯λaq)
2 + (q¯iγ5λaq)
2]
− GIV
3∑
a=1
[(q¯γµλaq)
2 + (q¯γ5γµλaq)
2]. (1)
In the above, q = (u, d, s)T and mˆ = diag(mu,md,ms)
are the quark fields and the current quark mass matrix
for u, d, and s quarks, respectively; λa are the Gell-Mann
matrices with λ0 =
√
2/3I in the 3-flavor space with the
SU(3) symmetry; GS and GV are respectively the scalar-
isoscalar and the vector-isoscalar coupling constant; and
theK term represents the six-point Kobayashi-Maskawa-
t’Hooft interaction that breaks the axial U(1)A sym-
metry [36]. The additional GIS and GIV terms repre-
sent the scalar-isovector and the vector-isovector interac-
tions, with GIS and GIV the corresponding coupling con-
stants, respectively. Since the Gell-Mann matrices with
a = 1, 2, 3 are identical to the Pauli matrices in u and d
space, the isovector couplings break the SU(3) symmetry
while keeping the isospin symmetry. In the present study,
we employ the parametersmu = md = 3.6 MeV,ms = 87
MeV, GSΛ
2 = 3.6,KΛ5 = 8.9, and the cutoff value in the
momentum integral Λ = 750 MeV given in Refs. [37, 38].
As is known, the position of the critical point for the chi-
ral phase transition is sensitive to GV [38–40], which was
later constrained within 0.5GS < GV < 1.1GS from the
relative v2 splitting between protons and antiprotons as
well as between K+ and K− in relativistic heavy-ion col-
lisions [19]. In the present study, we choose GV = 1.1GS
throughout the calculation.
In the mean-field approximation and considering only
the flavor-singlet state for the vector-isoscalar term, the
single-particle Hamiltonian for partons with flavor i (i =
u, d, s) can be written as
Hi =
√
M2i + p
∗
i
2 ± 2
3
GV (ρ
0
u + ρ
0
d + ρ
0
s)
±GIV τ3i(ρ0u − ρ0d). (2)
Here we take the convention that the upper (lower) sign
is for quarks (antiquarks). Mi is the constituent quark
3mass determined by the gap equation
Mi = mi − 2Gsσi + 2Kσjσk − 2GISτ3i(σu − σd), (3)
where σi = 〈qiq¯i〉 is the quark condensate, (i, j, k) is any
permutation of (u, d, s), and τ3i is the isospin quantum
number of quarks, i.e., τ3u = 1, τ3d = −1, and τ3s = 0.
~p∗i = ~pi ∓ 23GV ( ~ρu + ~ρd + ~ρs) ∓ GIV τ3i(~ρu − ~ρd) is the
real momentum of partons, with ~pi being the canonical
momentum and ~ρi ≡ 〈q¯i~γqi〉 being the space components
of the net quark density. ρ0i ≡ 〈q¯iγ0qi〉 in Eq. (2) is the
time component of the net quark density. The quark con-
densate and the 4-component net quark density can be
calculated from the phase-space distributions of quarks
(fi) and antiquarks (f¯i) through the relations
〈q¯iqi〉 = −2Nc
∫ Λ
0
d3p
(2π)3
Mi√
M2i + p
2
i
(1 − fi − f¯i),(4)
〈q¯iγµqi〉 = 2Nc
∫ Λ
0
d3p
(2π)3
pµ√
M2i + p
2
i
(fi − f¯i), (5)
where 2Nc is the quark spin and color degeneracy. In
the transport approach, the whole system is divided into
grids with fi and f¯i at each cell calculated from averaging
over parallel events using the test-particle method. In
this way, the spatial distributions of the above quantities
can be obtained.
Given the single-particle Hamiltonian as Eq. (2), par-
tons with flavor i evolve according to the following canon-
ical equations
d~ri
dt
=
∂Hi
∂~pi
=
~p∗i√
M2i + p
∗
i
2
, (6)
d~p∗i
dt
= −∂Hi
∂~ri
∓ d
dt
[
2
3
GV (~ρu + ~ρd + ~ρs)
+GIV τ3i(~ρu − ~ρd)]. (7)
The time component of the vector-isovector potential
GIV τ3i(ρ
0
u− ρ0d) is expected to give a more repulsive (at-
tractive) potential for d (u) quarks in the baryon-rich
and d-quark-rich partonic phase. The space component
of the vector-isovector potential −GIV τ3i(~ρu − ~ρd) may
have an opposite effect, but its effect is small at the early
stage when the net quark flux has not been developed.
A similar argument for the vector-isoscalar potential can
be found in Refs. [41, 42]. For the ease of discussion,
we define RIV = GIV /GS as the reduced strength of
the vector-isovector coupling and will discuss its effects
on the isospin splitting of the elliptic flow. The scalar-
isovector interaction leads to the constituent mass split-
ting of u and d quarks, and the effect is only pronounced
around the boundary of the chiral phase transition [22]
at the later stage of the partonic phase when the density
is rather low, and it has been found to have negligible
effects on the isospin splitting of the elliptic flow.
We first fit the parton scattering cross section in or-
der to reproduce the charged particle v2 at RHIC-BES
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FIG. 1: (color online) Comparison of the transverse momen-
tum dependence of charged particle elliptic flows at mid-
pseudorapidities (|η| < 1) in mid-central (20− 30%) Au+Au
collisions at RHIC-BES energies from the extended AMPT
model with those measured by the STAR Collaboration [43].
energies. As shown in Fig. 1, using the same event-
plane method [1, 2] as in the experimental analysis, the
extended AMPT model with an isotropic parton scat-
tering cross section of 10 mb can reproduce reasonably
well the transverse-momentum (pT ) dependence of mid-
pseudorapidity charged particle v2 at all RHIC-BES en-
ergies. The cross section is larger than that in Ref. [20],
as a result of using an improved coalescence approach.
As discussed in Ref. [28], a larger cross section is needed
to reproduce the same hadron v2 once combinations of
partons close in momentum space is favored, compared
with the naive spatial coalescence scenario. We have also
compared the pT spectra of mid-rapidity charged pions
in central Au+Au collisions at RHIC-BES energies from
AMPT calculations with the STAR data in Fig. 2. It
is seen that these pT spectra are reproduced reasonably
well, except that the AMPT results give slightly stiffer
pT spectra at lower energies while smaller multiplicities
at higher energies. The agreement of the pT dependence
of v2 as well as the pT spectra serves as a baseline for the
following study on the v2 splitting of charged pions.
We choose minibias Au+Au collisions at
√
sNN = 7.7
GeV as a representative system to discuss the effect of the
vector-isovector interaction on the isospin splitting of the
elliptic flow. The transverse-momentum dependence of
v2 for light quarks and antiquarks with different isospins
are displayed in Fig. 3. The v2 splitting between quarks
and antiquarks is due to the vector-isoscalar potential.
Without the vector-isovector interaction (RIV = 0), u
and d quarks as well as u¯ and d¯ have the same elliptic
flow. With the vector-isovector interaction (RIV = 2),
d quarks have a slightly larger v2 than u quarks. This
shows that the time component of the vector-isovector
potential has the dominate effect over the space compo-
410-3
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FIG. 2: (color online) Comparison of transverse momentum
spectra of mid-rapidity (|y| < 0.1) pi+ and pi− in central
(0 − 5%) Au+Au collisions at RHIC-BES energies from the
extended AMPT model with those measured by the STAR
Collaboration [44].
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FIG. 3: (color online) Transverse momentum dependence of
the elliptic flows for mid-pseudorapidity (|η| < 1) light quarks
and antiquarks in minibias Au+Au collisions at
√
sNN = 7.7
GeV from the extended AMPT model with (right) and with-
out (left) the vector-isovector interaction.
nent, leading to a more repulsive (attractive) potential
for d (u) quarks, as discussed above. Also, u¯ (d¯) are af-
fected by a more repulsive (attractive) potential accord-
ing to Eq. (2), and have thus a slightly larger (smaller)
v2 in the dominating low-pT region. We note that the in-
creasing parton elliptic flows with transverse momentum
are due to parton scatterings as the mean-field potentials
mainly lead to a splitting of their elliptic flows.
Since the isospin splitting of light quark v2 is preserved
during hadronization, a larger splitting of charged pion
v2 is obtained as π
+ and π− are composed of ud¯ and u¯d,
respectively. For resonance states with different isospins,
e.g., ρ+(−) or ∆++(−), formed from the quark coales-
cence, they eventually decay into charged pions and carry
information of the isospin-dependent potentials on their
constituent light quarks. The final elliptic flows of mid-
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FIG. 4: (color online) Transverse momentum dependence of
the elliptic flows for mid-pseudorapidity (|η| < 1) pi+ and pi−
in minibias Au+Au collisions at
√
sNN = 7.7 GeV from the
extended AMPT model with (right) and without (left) the
vector-isovector interaction. The experimental results mea-
sured by the STAR Collaboration [45] are also plotted for
reference.
pseudorapidity π+ and π− are displayed in Fig. 4 for the
same collision system as in Fig. 3. It is seen that the re-
sulting v2 as a function of transverse momentum from the
extended AMPT model has a similar overall magnitude
compared with those measured by the STAR Collabora-
tion. A slightly larger v2 for π
− than π+ is observed with
the vector-isovector interaction, while the v2 for π
− and
π+ are similar without the vector-isovector interaction.
To illustrate more clearly the effect of the vector-
isovector interaction, we display in the upper panel of
Fig. 5 the pT -integrated elliptic flow difference between
mid-pseudorapidity π+ and π− obtained with different
vector-isovector coupling strengths. Without the vector-
isovector interaction, although the mean value of the
v2 difference is negative due to the weak hadronic po-
tential, it is consistent with 0 within the statistical er-
ror. The v2 splitting increases with the increasing cou-
pling strength of the vector-isovector interaction until it
is about to saturate for RIV > 2. To understand the sat-
uration effect from the vector-isovector interaction, we
further show in the lower panel of Fig. 5 the evolution
of the time component of the vector-isoscalar potential
U0V =
2
3GV (ρ
0
u + ρ
0
d + ρ
0
s) as well as the vector-isovector
potential U0IV = GIV (ρ
0
u − ρ0d) for different coupling
strengths in the central region of the partonic phase. Al-
though the peak value of U0IV increases with increasing
RIV , it decreases more rapidly for RIV = 5 compared
with that for RIV = 2. This is due to the quicker reduc-
tion of the isospin asymmetry in the high-density phase
as a result of the stronger vector-isovector potential. For
the vector-isoscalar potential, it has a much larger mag-
nitude compared to the vector-isovector potential. The
saturation effect of the vector-isovector potential is also
observed at higher collision energies, where the lifetimes
of both potentials become even shorter as a result of a
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FIG. 5: (color online) Upper: Elliptic flow difference be-
tween mid-pseudorapidity (|η| < 1) pi+ and pi− with different
vector-isovector coupling strengths; Lower: Evolution of the
time component of the vector-isoscalar potential as well as the
vector-isovector potential with different coupling strengths in
the central region of the partonic phase. Results are for minib-
ias Au+Au collisions at
√
sNN = 7.7 GeV from the extended
AMPT model.
thinner thickness and more rapid expansion of the pro-
duced partonic matter.
In Fig. 6, the collision energy dependence of the pT -
integrated v2 difference between mid-pseudorapidity π
+
and π− from the extended AMPT model is compared
with those measured by the STAR Collaboration. At
each collision energy, tens of thousands events were gen-
erated from transport simulations. The decreasing trend
of v2 splitting with increasing collision energy is quali-
tatively reproduced by the extended AMPT model. Al-
though the mean values of the v2 difference between π
+
and π− have a smaller magnitude compared with the
experimental data, they have overlaps within statistical
errors. Our calculations show that the v2 difference be-
tween π+ and π− at RHIC-BES energies favors a strong
vector-isovector interaction of RIV > 2. It is worthy to
point out that the strong vector-isovector coupling ob-
tained in the present study does not affect the v2 splitting
between nucleons and antinucleons as well as between
K+ and K− obtained in Ref. [19] since they are due to
the vector-isoscalar coupling.
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FIG. 6: (color online) Comparison of the elliptic flow differ-
ence between mid-pseudorapidity (|η| < 1) pi+ and pi− at dif-
ferent RHIC-BES energies from the extended AMPT model
with those measured by the STAR Collaboration [9].
To summarize, we have studied the effect of the vector-
isovector interaction on the elliptic flow difference be-
tween π+ and π− based on the framework of an extended
multiphase transport model, in which the partonic mean-
field potentials are obtained from a 3-flavor Nambu-
Jona-Lasinio model including isovector couplings, and
the hadronization algorithm is improved by considering
the coalescence of partons close in phase space. We have
found that the time component of the vector-isovector
potential leads to a more repulsive (attractive) poten-
tial for d (u) quarks in the baryon-rich and d-quark-rich
medium, thus enhancing the v2 of d quarks and π
− while
reducing that of u quarks and π+. The space component
of the vector-isovector potential and the hadronic poten-
tials are, however, found to have less important effect on
the isospin splitting of v2. With increasing strength of
the vector-isovector coupling, the v2 difference between
π+ and π− tends to saturate. Results from our transport
approach reproduce the decreasing v2 splitting with in-
creasing collision energy seen in experiments, and the ex-
perimentally observed v2 difference between π
+ and π−
favors a strong vector-isovector coupling, with its cou-
pling strength larger than twice the scalar-isoscalar cou-
pling strength. In the d-quark-rich matter, a stronger
vector-isovector coupling disfavors the splitting of u and
d quark chiral phase transition boundary, leads to a crit-
ical point at higher temperatures, and results in a larger
quark matter symmetry energy [22].
Although the total isospin splitting of pion v2 can be
explained by a strong vector-isovector interaction, its de-
pendence on the charge asymmetry [46] needs further
investigations. Also, the isospin-independent polyakov-
loop potential, which is essential for describing the QCD
deconfinement phase transition and the thermodynamic
properties of QGP [22], needs to be incorporated in trans-
port simulations. These studies are in progress.
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